Abbreviations {#nomen0010}
=============

APCs

:   antigen presenting cells

AR

:   androgen receptor

ARE

:   androgen response elements

CVB3

:   coxsackievirus group B3

DAMPs

:   danger-associated molecular patterns

DCM

:   dilated cardiomyopathy

DCs

:   dendritic cells

DPI

:   diphenyleneiodonium

DRP1

:   dynamin-related protein 1

EAM

:   experimental autoimmune myocarditis

ECSIT

:   evolutionarily conserved signaling intermediate in Toll pathways

ERα

:   estrogen receptor alpha

ERβ

:   estrogen receptor beta

EREs

:   estrogen response elements

ETC

:   electron transport chain

GSH

:   glutathione

GPx

:   glutathione peroxidase

HLA

:   human leukocyte antigen

ICAM

:   intercellular adhesion molecule

IFNγ

:   interferon-γ

Ig

:   immunoglobulin

IL

:   interleukin

LPS

:   lipopolysaccharide

MAVS

:   mitochondrial antiviral signaling protein

MCs

:   mast cells

MHC

:   major histocompatibility complex

mtROS

:   mitochondrial ROS

NK

:   natural killer

NLRs

:   nucleotide binding domain-leucine rich repeat proteins

NLRP3

:   NLR pyrin domain containing 3

NOX

:   NADPH oxidase

PAMPs

:   pathogen-associated molecular patterns

PRRs

:   pattern recognition receptors

ROS

:   reactive oxygen species

RSV

:   respiratory syncytial virus

SASP

:   senescence-associated secretory phenotype

SOD

:   superoxide dismutase

Th

:   T helper

Tim-3

:   T cell Ig mucin

TLR

:   Toll-like receptor

TNF

:   tumor necrosis factor

TRAF6

:   TNF-associated factor 6

Treg

:   regulatory T cells

1. Introduction {#sec1}
===============

An autoimmune disease is defined as a disease where autoimmunity causes the disease or plays a major role in its pathogenesis and is generally based on the presence of autoantibodies and/or autoreactive T cells which culminate in the breakdown of self-tolerance \[[@bib1]\]. The presence of autoantibodies in the sera of patients continues to be a hallmark for identifying and diagnosing an autoimmune disease. However, other factors like systemic- or tissue-specific dysfunction or metabolic dysfunction, histological evidence of inflammation, biomarkers, human leukocyte antigen (HLA) testing (HLA is the human designation for major histocompatibility complex (MHC) proteins which present antigens on the surface of cells), and assays to test the presence of autoreactive T cells are also used in the diagnosis of disease. A seminal characteristic of autoimmune diseases is that they display marked sex differences with most occurring more often in women than men such as rheumatic autoimmune diseases like rheumatoid arthritis and Sjögren\'s syndrome \[[@bib2],[@bib3]\]. Far fewer autoimmune diseases are more common in men like type I diabetes and myocarditis. Sex differences in the immune response are responsible for many of the characteristic features of autoimmune diseases like elevated circulating autoantibodies and immune complex deposition resulting in tissue damage and organ-specific autoinflammation. Immune-mediated reactive oxygen species (ROS) production is generated following viral and bacterial infections as well as from tissue damage. Infections and chemicals have long been postulated to play a role in the pathogenesis and/or exacerbation of autoimmune diseases \[[@bib4]\]. Immune signaling pathways that are associated with ROS generation include tumor necrosis factor (TNF) and the NLRP3 (NLR pyrin domain containing 3)/caspase-1 inflammasome. TNF induces pyroptosis, which is a form of cell death characterized by caspase-1-dependent formation of plasma membrane pores leading to the release of the proinflammatory cytokines interleukin (IL)-1β and IL-18, ROS generation and cell lysis. The pro-forms of IL-1β and IL-18 are induced by Toll-like receptor (TLR)4 and activated by enzymatic cleavage from caspase-1 \[[@bib5], [@bib6], [@bib7]\]. Sex hormones, estrogen in particular, are known to regulate ROS production in mitochondria \[[@bib8],[@bib9]\]. This review describes what is known about sex differences in inflammation, redox biology and mitochondrial function in the male-dominant autoimmune disease myocarditis and highlights gaps in the literature and future directions.

2. Sex differences in autoimmune disease {#sec2}
========================================

One of the earliest epidemiology studies to report sex differences in autoimmune diseases was by Beeson\'s group in 1994 \[[@bib10]\]. Jacobson et al. later reported in 1997 that women were at 2.7 times greater risk of developing one of 24 autoimmune diseases and that nearly 80% of all patients with autoimmune diseases from 1965 to 1995 in the US were women \[[@bib11]\]. A more recent assessment of sex differences in autoimmune diseases by Hayter and Cook came to a similar conclusion as the Jacobson\'s group ([Table 1](#tbl1){ref-type="table"}) \[[@bib3]\]. The top 5 most prevalent autoimmune diseases according to Hayter and Cook are rheumatoid arthritis, Hashimoto\'s thyroiditis, celiac disease, Graves\' disease, and type I diabetes; however, the most prevalent autoimmune diseases are not necessarily those with the highest sex bias ([Table 1](#tbl1){ref-type="table"}). Thyroiditis (19:1), Sjögren\'s syndrome (16:1) and scleroderma/systemic sclerosis (12:1) have been reported to have high female to male sex ratios, although individual studies vary \[[@bib12]\]. Inflammatory conditions that occur more frequently in men like cardiovascular diseases (i.e., atherosclerosis and dilated cardiomyopathy), many cancers (i.e., lung, liver, stomach) and male-dominant autoimmune diseases (i.e., type I diabetes and myocarditis) are leading causes of death in men \[[@bib13], [@bib14], [@bib15], [@bib16], [@bib17]\]. In contrast, inflammatory diseases that occur more often in women tend to be chronic with lower mortality like most autoimmune diseases, allergy and asthma \[[@bib16],[@bib18]\].Table 1Prevalence and sex ratio of well-known autoimmune diseases.[a](#tbl1fna){ref-type="table-fn"}Table 1Autoimmune DiseasePrevalence (per 10^5^)Ratio of women to men (% women)Rheumatoid arthritis8603:1 (75%)Hashimoto\'s thyroiditis79219:1 (95%)Celiac disease7501.3:1 (57%)Graves\' disease6297:1 (88%)Type 1 diabetes4801:1.2 (45%)Multiple sclerosis582:1 (64%)Systemic lupus erythematosus327:1 (88%)Ulcerative colitis302:1 (65%)Crohn\'s disease251:1.4 (40%)Scleroderma2412:1 (92%)Autoimmune hepatitis type 1174:1 (78%)Sjögren\'s syndrome1416:1 (94%)Myositis52:1 (67%)Myocarditis--1:3.5 (29%)[^1]

3. Sex differences in inflammation in autoimmune disease {#sec3}
========================================================

Effective immunity depends on a coordinated immune response that is influenced by genetic, environmental and hormonal effects that alter the response to pathogens or damage in a sex-specific manner \[[@bib19]\]. The major steroid hormones that have been studied in the immune response are estrogens, testosterone and progesterone. These so-called sex hormones bind to specific cell membrane and/or nuclear-associated receptors on/in immune cells and influence gene expression. Estrogen receptor alpha (ERα) and beta (ERβ) and the androgen receptor (AR) are sequestered in the cytoplasm bound to heat shock proteins. When activated by ligand, they bind directly to estrogen response elements (EREs) or androgen response elements (ARE) in the promoter region of specific genes like the interferon (IFN)γ gene or indirectly activate gene transcription by binding transcription factors such as NFκB \[[@bib20],[@bib21]\]. Sex steroids also alter immune cell function via non-nuclear membrane expression of hormone receptors. Signaling through membrane hormone receptors is more rapid than nuclear receptors and can result in both gene transcription through initiation of MAPK, ERK and other kinase signal pathways or in non-transcriptional signals via calcium flux and activation of glutamate receptors \[[@bib21], [@bib22], [@bib23], [@bib24]\].

The immune system has been divided into innate and adaptive arms with the former responding rapidly (minutes/hours) to "foreign" non-self antigens while the adaptive immune response generally requires one to two weeks to develop after exposure to the initiating agent for a primary immune response. Innate immunity responds to classes of microbes like viruses, bacteria and parasites by recognizing pathogen-associated molecular patterns (PAMPs) while the adaptive immune response responds to specific short sequences of amino acids from microbes. The innate immune response also responds to self-derived danger-associated molecular patterns (DAMPs) like ATP, cholesterol crystals, and oxidized mitochondrial DNA, for example, or foreign-derived particles like alum, silica, aluminium hydroxide and nanoparticles \[[@bib25]\]. In this manner the adaptive immune response depends on the innate immune response to provide "direction" \[[@bib26]\]. PAMPs and/or DAMPs that bind pattern recognition receptors (PRRs) like TLRs drive the adaptive T and B cell immune response in three basic directions reflected as T helper (Th) 1, Th2 and Th17-type immune responses and antibody isotypes (i.e., human immunoglobulin (Ig)G1- Th1, human IgG2- Th2). T helper cells are often delineated by the major type of cytokine produced- IFNγ from Th1 cells, interleukin (IL)-4 from Th2 and IL-17A from Th17 cells. Cytokines and other mediators released from Th cells are needed to clear infections. For example, IFNγ released from Th1 cells activates cytolytic CD8 T and natural killer (NK) cells to reduce viral infections, IL-4-type responses from Th2 cells clear parasitic infections via mast cell and eosinophil activation, and IL-17A from Th17 cells promotes neutrophil and macrophage responses to bacteria \[[@bib27]\]. Once the pathogen appears to be effectively controled by the immune response, regulatory T cells (Treg) inhibit Th responses to regain immunological homeostasis \[[@bib28]\]. Tregs comprise up to 10% of peripheral CD4^+^ T cells in naive mice and humans, express CD25 (IL-2 receptor α chain), are important negative modulators of the immune response, and are particularly important in preventing autoimmune responses \[[@bib29],[@bib30]\]. The description of the immune response into three basic arms including Th1, Th2 and Th17 that are regulated by Treg is an oversimplification of the immune response, but each of these primary Th responses has been described to be important in specific autoimmune diseases \[[@bib31],[@bib32]\].

Reviewing the literature regarding sex differences in the immune response can be confusing due to the many conflicting reports on the effect of sex hormones on immune cell subtypes. This is because the immune response is entirely context dependent; that is, the context depends on the cell type, tissue where inflammation occurs, genetic background, initiating antigen, dose of the antigen, age of the cell/animal, etc. Importantly, the type of immune response that will be generated to any particular antigen is strongly influenced by biological sex (i.e., circulating sex hormone levels, cellular sex hormone receptors, sex hormone receptor ratio on/in cells). Although sex hormone receptors are typically expressed intracellularly, in immune cells expression can also be found on the cell surface where they are able to interact as part of the immunological synapse during antigen presentation \[[@bib21]\]. Most reports in the literature do not take these factors into account when summarizing the effects of sex hormones on immune cells/responses.

Sex hormone receptors are located on/in many cells of the immune system including T cells, B cells, monocytes, macrophages, dendritic cells (DCs), and mast cells (MCs) in humans and rodents \[[@bib21]\]. However, only monocyte/macrophages and mast cells have both nuclear and membrane ERs and ARs \[[@bib21]\]. Aside from their role in allergy, MCs act as antigen presenting cells (APCs) particularly at potential sites of foreign antigen entry to the host like the skin, gut, vasculature and peritoneum \[[@bib33],[@bib34]\]. Estrogen has a well-known ability to increase antibody responses to vaccines, infections and autoantigens by activating B cells, while androgens have the opposite effect \[[@bib4],[@bib35],[@bib36]\]. However, depending on the context, estrogen can either promote inflammation by enhancing Th1 and/or Th17 responses *via* transcriptional activation of NFκB or increase the regulatory arm of the adaptive immune response by promoting tolerogenic DCs, anti-inflammatory/regulatory Th2-type immune responses, and T regulatory and regulatory macrophage cell populations \[[@bib37], [@bib38], [@bib39]\]. Estrogen and progesterone are known to enhance Treg cell activation \[[@bib40]\]. However, Treg predominantly express ERβ rather than ERα that has a nuclear rather than cell surface localization \[[@bib21]\]. The immune cell responses to testosterone are more poorly characterized.

3.1. Sex differences in inflammation in a male-dominant autoimmune disease-myocarditis {#sec3.1}
--------------------------------------------------------------------------------------

Myocarditis is an example of an autoimmune disease that occurs more often in men than women ([Table 1](#tbl1){ref-type="table"}). Several clinical trials and registries of myocarditis report a male to female sex ratio between 1.5:1 and 1.7:1 \[[@bib41], [@bib42], [@bib43]\]. A recent study of around 300 patients with myocarditis found a sex ratio of 3.5:1 male to female \[[@bib44]\]. Sex differences in myocarditis can be explained not only by sex hormone receptor expression on/in immune cells but also by their expression on cardiac tissues. Genomic and membrane signaling via ERα/β, AR, and aromatase, the enzyme that converts androgens to estrogens, are expressed on and within vascular endothelial cells, vascular smooth muscle cells, cardiac fibroblasts and cardiomyocytes in humans and rodents \[[@bib13],[@bib15],[@bib45],[@bib46]\]. Additionally, sex differences exist in ER and AR levels on various cell types. For example, females express higher levels of ERs in their arteries \[[@bib46]\]. 17β-estradiol has been shown to prevent apoptosis in cardiac myocytes, ROS-induced cardiac damage, and prevent cardiac hypertrophy and fibrosis \[[@bib45]\]. Testosterone levels have been reported to be higher in the heart of men than women \[[@bib47]\]. Importantly, underlying sex differences in tissue physiology, in this case in the heart, are likely to influence the immune response to infection and injury.

Myocarditis is a leading cause of sudden heart failure in young adults worldwide and can progress to dilated cardiomyopathy (DCM) and chronic heart failure \[[@bib48]\]. Viral infections are the most common cause of myocarditis in developed countries where endomyocardial biopsies have been used to detect inflammation and viruses in patients with myocarditis ([Fig. 1](#fig1){ref-type="fig"}) \[[@bib49],[@bib50]\]. Enteroviruses, which include coxsackievirus group B3 (CVB3), are most often associated with myocarditis in the US, where disease occurs most frequently in Whites \[[@bib49]\].Fig. 1**Proposed pathogenesis of coxsackievirus-induced myocarditis/DCM:** After infection by fecal-oral transmission, coxsackievirus enters the gut where it replicates. When innate antiviral and self-damage immune signaling is initiated, dendritic cells that have captured viral antigen travel to the lymph nodes to activate T and B cells. Around day 2--3 after infection coxsackievirus causes viremia which allows it access to the heart. Activation of resident cardiac mast cell and macrophage populations increase monocyte trafficking. During peak myocarditis in males (around 10 days after infection) macrophages can comprise nearly 80% of the infiltrate in the heart with smaller numbers of T and B cells. After clearance of active viral infection around day 12--14 after infection immune cells in the heart quickly disappear. The immune response to the viral infection activates remodeling genes during myocarditis that over time can lead to cardiac remodeling, fibrosis and cardiac dilatation. Patients are at risk of sudden cardiac death during myocarditis and those that survive can develop dilated cardiomyopathy and chronic heart failure that may require a heart transplant.Fig. 1

TLR4 is a unique PRR in that it responds to bacterial lipopolysaccharide (LPS), viruses and damaged self-tissue \[[@bib51]\]. TLR4 is most well-known for its recognition of LPS by means of the accessory protein, MD-2 \[[@bib52],[@bib53]\]. Interestingly, certain viral infections, such as respiratory syncytial virus (RSV), have been found to interact with MD-2 to activate TLR4 \[[@bib54]\]. Other viruses like Ebola and Dengue virus bind cellular membranes and transiently activate TLR4 \[[@bib55], [@bib56], [@bib57]\]. Damaged self-proteins like HMGB1, which is a nuclear protein that binds to DNA and can be released during viral infections or other causes of tissue damage, are known to activate TLR4 \[[@bib58],[@bib59]\]. Whether CVB3 activates TLR4 directly has not been investigated, but RNA viruses like CVB3 are known to activate the inflammasome via mitochondrial antiviral signaling protein (MAVS) \[[@bib60],[@bib61]\].

TLR4 mRNA expression has been found to be higher in patients with biopsy-proven myocarditis and DCM than controls and strongly correlates with enteroviral RNA levels in the heart \[[@bib62],[@bib63]\]. Although sex differences were not examined in the study, nearly 75% of the patients were men. Animal models that recapitulate myocarditis include those that inject virus only, inject virus plus damaged heart proteins or classic autoimmune models that use cardiac myosin/peptide and complete Freund\'s adjuvant to induce disease \[[@bib64],[@bib65]\]. Susceptibility to adjuvant-induced experimental autoimmune myocarditis (EAM) or DCM following acute myocarditis requires using white background mice (i.e., A/J, BALB/c) \[[@bib66], [@bib67], [@bib68]\], mouse strains that have more MCs expressing TLR4 \[[@bib33],[@bib34],[@bib69]\].

Male mice with CVB3 autoimmune myocarditis develop more severe myocardial inflammation than females ([Fig. 2](#fig2){ref-type="fig"}). In males, this is characterized by elevated expression of TLR4 on MCs and macrophages and a dominant IFNγ-associated Th1-type immune response with Th1-associated IgG2a anti-CVB3 antibodies (as well as autoantibodies against cardiac myosin). In contrast, females develop an IL-4-associated Th2-type immune response with elevated regulatory T cell populations that express FoxP3, T cell Ig mucin (Tim-3) and CTLA4 \[[@bib33],[@bib69], [@bib70], [@bib71], [@bib72]\]. Furthermore, patients with clinically suspected myocarditis or DCM were found to have higher IgG3 autoantibody levels that correlated to poor cardiac function and higher IFNγ levels \[[@bib73]\]. Although IFNγ levels were higher in the hearts of male mice with myocarditis, and IL-4 elevated in females, no sex difference was observed in IL-17A levels in the heart \[[@bib69]\]. However, the dominant IFNγ/Th1 response found in male mice with myocarditis was not due to classic IL-12/STAT4-induced IFNγ production but likely due to elevated IL-18 levels \[[@bib74]\]. IL-18 was originally named IFNγ-inducing factor and its ability to strongly upregulate IFNγ levels mimic a true Th1-type immune response. Male BALB/c mice deficient in TLR4 had less myocarditis as well as reduced IL-1β and IL-18 levels in the heart, indicating the importance of TLR4 signaling and these cytokines in promoting disease \[[@bib75]\]. Recently, blocking IL-1β was found to reduce acute myocarditis and progression from myocarditis to DCM in CVB3 myocarditis in mice \[[@bib76]\]. Furthermore, testosterone increases IL-1β levels in the heart during autoimmune CVB3 myocarditis \[[@bib68]\].Fig. 2**Sex differences in the immune response in myocarditis/DCM:** Females (top, pink) have low levels of cardiac inflammation during myocarditis due to an elevated anti-inflammatory immune response that is characterized by higher numbers of Th2-type immune cells, an M2 (anti-inflammatory) macrophage phenotype, greater numbers of Foxp3^+^ regulatory T cells, and higher levels of anti-inflammatory cytokines like IL-4 and IL-10. In contrast, males (bottom, blue) produce a robust proinflammatory immune response during myocarditis that is characterized by mast cell activation, greater numbers of macrophages that express a more M1 phenotype, and elevated proinflammatory cytokines that release IL-1β, IL-18, and IL-6 that stimulates Th17 cells, which promote remodeling and fibrosis that leads to DCM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

4. Redox biology and mitochondria {#sec4}
=================================

The main source of cellular ROS such as superoxide and hydrogen peroxide are from mitochondria and immune-mediated NADPH oxidase (NOX). Immune-mediated ROS production from phagocytic monocyte burst has been studied primarily in relation to bacterial infections. Previously ROS produced from the electron transport chain (ETC) of mitochondria were considered to be an accidental and destructive by-product of oxidative metabolism. It is increasingly recognized that mitochondrial ROS (mtROS) is important in mounting an effective immune response to infection and damage and that immune-mediated and mitochondrial-mediated regulation of ROS are inter-related \[[@bib77],[@bib78]\]. However, high levels of ROS can cause irreversible damage to DNA, lipids and proteins and so ROS levels act as key signaling molecules regulating cell function in health and disease \[[@bib79]\].

During bacterial infections, monocytes engulf bacteria in phagosomes that fuse with lysosomes to form phagolysosomes where NOX (i.e., NOX2) generates superoxide which is converted to hydrogen peroxide by superoxide dismutase (SOD) and further to hypochlorous acid by myeloperoxidase \[[@bib80],[@bib81]\]. Excess ROS is eliminated from mitochondria by the three scavenging enzymes SOD1-3: SOD1 is located in the mitochondrial intermembrane space and in the cytosol, SOD2 in the mitochondrial matrix, and SOD3 in the extracellular matrix \[[@bib82],[@bib83]\]. During bacterial infections mitochondria are recruited to phagosomes to produce ROS following TLR activation. One immune pathway that has long been recognized as central to the pathogenesis of autoimmune disease \[[@bib84]\] that is also important for mtROS production is TNF-mediated signaling. TLR activation in macrophages has been shown to activate TNF-associated factor 6 (TRAF6) translocation to mitochondria where it facilitates mtROS production by mediated ubiquitination of evolutionarily conserved signaling intermediate in Toll pathways (ECSIT) and subsequent interference of complex 1 assembly \[[@bib77],[@bib81]\]. *Mycobacterium tuberculosis* infections have been found to activate mtROS via the TNF-induced RIP1/RIP3 pathway. Interestingly, this pathway may promote activation of mtROS in EAM which uses *M. tuberculosis* in complete Freund\'s adjuvant to induce myocarditis \[[@bib65]\]. Although viral infections are typically associated with causing myocarditis, a number of bacterial infections have been proposed as possible etiologies for myocarditis including *M. tuberculosis* \[[@bib4]\]. Another immune pathway that is known to activate mtROS in macrophages infected with *Listeria monocytogenes* is IFNγ \[[@bib85]\].

Macrophages are phagocytes that change their phenotype based on the local environment, especially in response to cytokines \[[@bib86]\]. Important in innate immune responses, macrophages also contribute to acute and chronic pathology. For example, in male BALB/c mice with CVB3 myocarditis, macrophages comprise up to 80% of the infiltrate \[[@bib87]\]. Macrophages are not only responsive to cytokines, but also to the redox state. Differences in macrophage phenotype have been associated with distinct energy production profiles and ROS generation states of the cell \[[@bib88]\]. M1 macrophages, associated with Th1 responses, are induced primarily by IFNγ, secrete proinflammatory cytokines such as IL-12, TNFα, IL-1β and IL-6, and are defined metabolically by storage of fatty acid, decreased OXPHOS and increased NO production \[[@bib89], [@bib90], [@bib91]\]. In contrast, Th2-associated M2 macrophages are activated by IL-4 and IL-13, secrete anti-inflammatory cytokines including IL-10, TGFβ, and have increased OXPHOS and fatty acids that undergo β-oxidation \[[@bib92], [@bib93], [@bib94]\].

The role of endothelial cells in the immune response is typically discussed in the context of cell recruitment where the endothelium acts as a "port of entry" where immune cells are drawn by binding integrins (e.g., ICAMs) following a chemokine gradient after diapedesis through the endothelial layer \[[@bib95]\]. Endothelial cells effect immune cell recruitment by releasing cytokines including IL-1, IL-6, and TNFα \[[@bib96]\], leading to upregulation of intercellular adhesion molecule (ICAM)-1 \[[@bib97]\]. Mitochondrial dysfunction leads to cellular senescence primarily through the release of ROS by ETC electron leakage and subsequent superoxide spillage into the cytoplasm in a process that induces a senescence-associated secretory phenotype (SASP) \[[@bib98]\]. Mitochondrial ROS is primarily derived from the activity of ETC complex I and II \[[@bib99]\]. The generated ROS can cause nuclear DNA damage of telomeres leading to senescence \[[@bib98]\]. Due to intracellular stress in this state of cell-cycle arrest, DAMPs such as mitochondrial DNA initiate NLRP3 inflammasome signaling and caspase-1 activation \[[@bib100]\]. Interestingly, it has been observed that a lower NAD^+^/NADH ratio in cells can lead to a distinct SASP that lacks the IL-1 signaling arm \[[@bib101]\]. The exact relationship of this process to the NLRP3 inflammasome is not entirely understood, but NLRP3 has been found to be a key feature of endothelial cell SASP during long-term, low-grade inflammation in the context of aging \[[@bib100]\].

One of the primary immune pathways that activate mtROS following infection is the inflammasome \[[@bib25]\]. The inflammasome senses infections and cellular damage *via* nucleotide binding domain-leucine rich repeat proteins (NLRs) that recognize PAMPs like double-stranded DNA and DAMPS like mitochondrial DNA, ATP and histones and activate the cysteine protease caspase-1 which is able to cleave the pro-forms of IL-1β and IL-18 that are induced by TLR4 activation \[[@bib25],[@bib81]\]. The NLRP3 inflammasome is activated by fungi, helminths, protozoa, bacteria and viruses. Importantly, mtROS also activates the NLRP3 inflammasome. MAVS is a mitochondrial membrane protein that activates an IFN response and the NLRP3 inflammasome following viral infections \[[@bib25]\]. Interestingly, mitofusins, which are outer mitochondrial membrane GTPases involved in mitochondrial fusion, have been reported to be necessary for NLRP3 activation during viral infection \[[@bib102]\]. Consistent with this, several viruses are known to induce mitochondrial fission and mitophagy which disrupt MAVS and NLRP3 antiviral signaling, respectively \[[@bib103],[@bib104]\].

There are several ways that mitochondrial- and cell-derived sources of ROS activate immune signaling pathways within immune and non-immune cells \[[@bib88]\]. Immune activation and cell death can be inhibited via antioxidant systems that convert free radicals and oxidized side-chain residues into more inert states preventing cellular, DNA and mitochondrial DNA damage \[[@bib105],[@bib106]\]. Thioredoxin and glutathione are two crucial and well-studied antioxidant systems that convert dangerous free radical substrates into non-reactive products in the form of oxidized cysteine residues and hydrogen peroxide derived from SODs in the cytosol and cellular compartments \[[@bib105], [@bib106], [@bib107], [@bib108], [@bib109], [@bib110]\]. Man-made antioxidant compounds can also mitigate cellular damage and are an increasingly studied area that holds promise to reduce ROS-mediated local or systemic inflammation \[[@bib111],[@bib112]\].

5. Sex differences in redox biology and mitochondria in myocarditis {#sec5}
===================================================================

Clinical evidence that redox biology could be important in myocarditis comes from a study by Nimata *et al.* which found that thioredoxin, a redox-regulating protein, was upregulated in cardiac biopsies of patients with myocarditis or DCM \[[@bib113]\]. Thioredoxin has two isoforms Trx1 and Trx2, which are the nuclear/cytosolic and mitochondrial localizing isoforms, respectively. The primary function of thioredoxin is to facilitate the reduction of cysteine residues on oxidized proteins by cysteine thiol-disulfide exchange \[[@bib109],[@bib110]\]. This replacement is possible due to the conserved CXXC motif on thioredoxin which allows the transfer of reduced cysteine residues \[[@bib106]\]. Thioredoxin then receives the oxidized cysteine residues from its substrate that are reduced by thioredoxin reductase in a reaction that requires NADPH \[[@bib114]\]. Although the specific isoform of thioredoxin was not specified in biopsies from patients with myocarditis or DCM, areas of the biopsies with active necrosis reflective of DNA damage had the highest expression of thioredoxin measured using immunohistochemistry \[[@bib113]\]. Increased levels of antioxidant expression in damaged tissue can be interpreted as a reparative response to initial injury from cytotoxic ROS \[[@bib113]\].

When discussing the contribution of ROS to disease pathology, it is important to consider tissue-specific generation of ROS. In the case of myocarditis, ROS has been observed to play roles in cardiac myocyte damage, apoptosis and inflammation \[[@bib111],[@bib112],[@bib115]\]. CVB3 infection of HeLa or Hep-2 cells was found to produce a massive amount of ROS \[[@bib111]\], which was reversed using the anti-oxidant nitronyl nitroxyl derivatives pyrrolidine dithiocarbamate and nitronyl nitroxide derivative, respectively \[[@bib115]\]. Nox4 expression in the heart of male BALB/c mice increased during cardiac stress and pressure overload in a model of transverse aortic constriction demonstrating a role for Nox4 during cardiomyocyte strain. \[[@bib116]\]. During CVB3-induced myocarditis, diphenyleneiodonium (DPI) was used to decrease apoptosis and was found to inhibit a Nox4-induced increase in ROS \[[@bib112]\]. This finding is interesting because DPI is typically thought to be a non-specific inhibitor of Nox. Another possible explanation for the decrease in Nox4 expression with DPI could be that a reduction in ROS by Nox4 led to less ROS signaling during the innate immune response which decreased cardiac inflammation \[[@bib112]\]. In this case, the inhibitory effect of DPI on Nox4 was likely primarily affecting immune cell Nox4 expression, which contributes more to ROS generation in myocarditis than cardiomyocytes \[[@bib117]\].

A mechanism by which cells protect themselves from ROS is via the antioxidant, glutathione (GSH) \[[@bib105],[@bib107],[@bib108],[@bib118]\]. The primary purpose of glutathione is to convert peroxides, such as those produced by SOD, into water. In short, the reduction of peroxides via GSH is catalyzed by the selenium-dependent enzyme glutathione peroxidase (GPx) resulting in a water molecule being formed along with GSH in its oxidized form \[[@bib105],[@bib107],[@bib108],[@bib118]\]. The ratio of the oxidized and reduced forms of GSH can be used as a general measure of cellular oxidative stress where healthy cells have about 90% of GSH in the reduced form \[[@bib105],[@bib107],[@bib108],[@bib118]\]. In one study, GPx-1 was found to play a crucial role in protecting mice from viral-induced myocarditis. GPx-1 knock-out and wild type mice were infected with CVB3/0, a non-pathogenic viral serotype of coxsackievirus \[[@bib119]\]. In addition to having more severe cardiac inflammation, the GPx-1 knock-out mice produced nearly 5-fold less CVB3/0 antibodies compared to wild type animals \[[@bib119]\]. Another study measured the reduced form of GSH in BALB/c mice after CVB3 infection and found that the level of GSH decreased over time coinciding with cardiomyocyte apoptosis \[[@bib120]\]. GSH also plays an important role in maintaining lipids and lipid-membranes after oxidative damage \[[@bib121]\]. Oxidative damage to lipids can cause disruption of homeostatic conditions of cellular membranes and compartments \[[@bib122],[@bib123]\]. GSH acts as a conjugating factor via glutathione-*s*-transferase to remove byproducts of lipid peroxidation due to free radical oxidative degradation \[[@bib124]\]. In the same experiment by Beck *et al.* above, it was found that the GPX-1 knock-out mice exposed to CVB3/0 had increased lipid peroxidation compared to WT mice \[[@bib119]\]. These studies suggest an important role for the antioxidant glutathione in myocarditis. However, there has been limited research in this area.

In a mouse model of CVB3-induced myocarditis in C57BL/6 mice, viral infection was found to increase complex I and III activity in the heart during myocarditis, which was associated with elevated oxidative stress (i.e., ROS production) \[[@bib125]\]. In a highly lethal model of CVB3 myocarditis induced by virus alone (i.e., no injection of heart antigens and so not an autoimmune model) where 50% of BALB/c male mice die by day 6 pi, the NLRP3 inflammasome was upregulated at day 7 pi but activation was reversed following treatment with caspase-1 or IL-1β inhibitors resulting in improved heart function and lower mortality \[[@bib126]\]. Interestingly, the medicinal plant manassantin B was found to exert antiviral activity to CVB3 infection by promoting mtROS production in cell culture and TNFα, IFNγ and IL-6 levels from sera during the innate immune response in immunologically immature 5 week old female BALB/c mice \[[@bib127]\]. Importantly, CVB3 was found to localize to mitochondria in cell culture, trigger dynamin-related protein 1 (DRP1)-mediated fragmentation, induce mitophagy (autophagy to destroy damaged mitochondria), and allow virus and proviral microRNA to escape in mitochondrial extracellular microvesicles \[[@bib128],[@bib129]\]. Almost all of these studies examined male mice. Thus, there is a paucity of data examining sex differences in redox biology and mitochondrial function during myocarditis.

Mitochondria exhibit strong sex- and tissue-specificity (reviewed in Ref. \[[@bib130]\]). Because mitochondria are maternally inherited, except for some genetic situations \[[@bib131]\], in men nuclear genes inherited from the father are important in regulating the function of maternally inherited mitochondria \[[@bib132]\]. Mitochondria are a major component of cardiac cells which are estimated to contain between 7000--10,000 mitochondria per cell \[[@bib133]\]. Mitochondrial-related gene expression has been shown to depend on sex and age \[[@bib9],[@bib134]\]. Mitochondrial localizing genes that are upregulated in the heart of females and downregulated in males include MTHFD1, ACP1, IFITM3, and CBX5 \[[@bib13]\]. Additionally, it was found that genes related to energy metabolism tend to be more downregulated in males compared to females (i.e., ACADL, PPARGC1, PDK4, COX5A, SLC25A20, PFKB1, and MLYCD) \[[@bib13]\]. These results from Regitz-Zargrosek *et al.* suggest a role for sex hormone signaling in mitochondrial dynamics and cellular redox biology\[[@bib13]\], which needs further investigation. Sex differences in mitochondrial function in the heart are summarized in a comprehensive review by Ventura-Clapier *et al.* \[[@bib135]\]. The findings summarize the published literature and indicate that females have less mitochondrial content, higher mitochondrial efficiency and differentiation, higher glutamate/malate-stimulated respiration, higher ADP/oxygen ratios, lower ROS production, lower calcium uptake, and higher calcium retention \[[@bib136], [@bib137], [@bib138], [@bib139], [@bib140], [@bib141]\]. These sex differences suggest a role for ER signaling in mitochondria \[[@bib135]\].

Sex hormone receptor signaling is known to alter mitochondrial dynamics by localizing to mitochondria and modulating expression of nuclear genes that localize to the mitochondria such as DRP1 and mitofusin \[[@bib142], [@bib143], [@bib144]\]. Androgen receptors have been shown to localize to and modulate mitochondria in select cell types, such as sperm cells, but not cardiomyocytes \[[@bib143],[@bib144]\]. In contrast, the effect of estrogen on mitochondria of cardiomyocytes has been well studied \[[@bib9]\]. Animal studies of estrogen and estrogen-related receptors have shown that estrogen is required to maintain normal, healthy cardiac function by regulating mitochondrial processes \[[@bib145],[@bib146]\]. When activated, estrogen-related receptors increase expression of genes involved in fatty acid oxidation, respiratory chain activity and mitochondrial dynamics \[[@bib145], [@bib146], [@bib147]\]. Estrogen increases expression of genes involved in both mitochondrial fission and fusion, but overall favors mitochondrial fusion in cardiomyocytes, which is a healthy phenotype for cardiomyocytes compared to other cell types where fusion can be deleterious \[[@bib145],[@bib146],[@bib148],[@bib149]\]. Studies investigating mitochondrial morphology in the heart show that female mice have a population of mitochondria that are larger in size compared to males, which tend to be much smaller in size \[[@bib150]\].

Women are protected from many cardiovascular diseases that lead to heart failure including coronary artery disease, myocardial infarct, myocarditis and DCM \[[@bib13],[@bib15],[@bib151],[@bib152]\]. ERα expression in mitochondria is believed to mediate the protective effect of estrogen in reducing cardiovascular disease prior to menopause \[[@bib130],[@bib147]\]; however, no studies have examined the role of biological sex on mitochondrial function in myocarditis. One study reported sex-specific differences in autophagy-related genes during CVB3 myocarditis in mice and in men with CVB3-associated cardiomyopathy compared to healthy control men \[[@bib153]\]. Mitochondria not only generate energy for cells in the form of ATP (\>90% for the heart), but they also function in steroid hormone synthesis, which is used in a paracrine and autocrine manner in immune and tissue cells \[[@bib130],[@bib147]\]. Additionally, sex hormones are known to regulate mitochondrial function in a sex- and tissue-specific manner. Estrogens, acting via ERs are able to increase the expression of both nuclear and mitochondrial genomes. In mitochondria, ERs have been shown to bind to mitochondrial DNA. In cells like cardiomyocytes, mitochondria are an essential source of ROS. The literature consistently reports that cardiomyocytes from female animals have lower numbers of mitochondria that are larger because they are fused, produce less ROS and have a greater antioxidant capacity than males \[[@bib130],[@bib154],[@bib155]\]. The effect of estrogen to increase mitochondrial fusion in cardiomyocytes contributes to decreased oxidative stress in females \[[@bib145], [@bib146], [@bib147]\] and may explain, at least in part, why women have greater protection from cardiovascular disease and heart failure than men.

Although no studies have investigated whether sex differences in mitochondrial function contribute to sex differences in myocarditis, several extrapolations can be made ([Fig. 3](#fig3){ref-type="fig"}). The increased Th1, M1 and IFNγ response in male mice with myocarditis suggests that damaging ROS levels could be elevated in males compared to females \[[@bib69],[@bib74]\]. This is also suggested by the higher expression of TLR4, IL-1β, IL-18 and the inflammasome in the heart and on immune cells from male mice with myocarditis compared to females \[[@bib69],[@bib75]\], a pathway that is known to increase ROS production. We also know that women and female mice are protected from heart failure in myocarditis after viral infection suggesting that estrogen could be mediating this effect through cardiac and/or immune cell mitochondria \[[@bib44]\]. Furthermore, we and others have shown that estrogen mediates these protective effects in female mice during viral myocarditis with an anti-inflammatory/regulatory Th2, macrophage and T regulatory cell immune response \[[@bib69],[@bib156], [@bib157], [@bib158]\].Fig. 3**Proposed model of sex differences in ROS during myocarditis.**① Increased ER activation due to higher estrogen in females leads to ② a profusion phenotype during myocarditis, whereas lower ER signaling in males during myocarditis leads to ③ increased mitochondrial fission. ④ Profusion mitochondrial phenotype in females decreases ROS while anti-oxidants neutralize excess ROS produced by NOX. In males, mitochondrial fission contributes to higher ROS while also releasing mitophagy-associated DAMPs (as mitochondrial fusion can be a precursor to mitophagy under cellular stress conditions such as infection) which can activate the inflammasome. ⑤ Increased TLR4 signaling in males compared to females leads to higher proIL-1β and proIL-18 which are cleaved by activated caspase-1 ⑥ to the active forms IL-1β and IL-18. ⑦ More inflammasome activation occurs in males due to increased intracellular ROS with higher IFNγ signaling compared to females. ⑧ Elevated IL-4 in females promotes a cardioprotective immune response comprised of anti-inflammatory Th2 CD4^+^ T cells and regulatory M2 macrophages while in males elevated IL-18 and IFNγ promote a proinflammatory immune phenotype resulting in M1 macrophages and Th1 CD4^+^ T cells.Fig. 3

6. Conclusions, gaps in research and future directions {#sec6}
======================================================

The effect of sex hormones is tissue/organ specific and affected by sex and age. This is also true for mitochondria. Thus, generalizing the effect of estrogen and testosterone on mitochondrial function and redox/ROS production from experiments examining cardiomyocytes in culture and/or normal or diseased heart tissue may not be true for other cells and tissues. Aside from age, sex differences in mitochondrial function may also be influenced by race (i.e., genetic background), environmental influences that cause disease like viral and bacterial infections or tissue damage leading to autoimmunity caused by infections or toxins/chemicals. TLRs and the NLRP3 inflammasome strongly regulate gene profiles that influence the pathogenesis of disease and autoimmune diseases in particular and are also strongly influenced by sex hormones. For these reasons it will be important to report the effect of sex hormones on disease, mitochondrial function, and redox biology based on the sex, age and race of the patient group. Thus, for any given disease, men and women need to be analyzed separately with a further stratification using age 50 as a cutoff as a surrogate for menopause if clinical data on menopause are missing.

This review has focused on a male-dominant viral-induced autoimmune model of myocarditis, where a great deal is known about sex differences in the immunopathogenesis of disease and in the role of mitochondrial ROS in cardiomyocytes. However, more information on the effect of sex hormones on mitochondrial ROS and redox biology are needed for myocarditis and DCM. Additionally, further investigation should be conducted on the effect of sex hormones on mitochondrial ROS for female-dominant autoimmune diseases. Understanding these effects in the context of age will be critically important because most autoimmune diseases in men and women occur either before or after menopause/50 years of age \[[@bib44],[@bib159],[@bib160]\]. What impact does age of both host and immune cells have on mitochondrial function, ROS production, protection against infection and the pathogenesis of autoimmune diseases? Interestingly, myocarditis occurs most often in men under age 50 and the risk of heart failure from myocarditis disappears at the age of 50 raising the question of what happens to mitochondria at this age to protect the heart of men \[[@bib44]\]. Additionally, more research is needed to understand the interplay between immune-mediated ROS vs. mitochondrial ROS within immune cells and cardiomyocytes or other cardiac cells. Insight into these and other fundamental questions related to how immune cells interact with pathogens at the site of infection will have broad application to autoimmune diseases that have long been postulated to be caused by viral or bacterial infections \[[@bib4]\]. Little information exists on the role of viral infection in mediating redox function in mitochondria and even less information exists on how sex differences might alter redox immune signaling. Insights into how infections alter mitochondrial function may be gained not only using animal models but also clinical data gleaned from patients with mitochondrial mutations that affect mitochondrial function following infection \[[@bib161]\].
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